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to  the  Intrinsic  absorption  in  these  hosts.  In  all  cases,  the  measured  absorption 
has  been  found  to  be  greater  than  the  intrinsic  value,  in  addition  to  the  ab- 
sorption measurements  on  these  substances,  some  recent  optical  absorption 
measurements  on  water  repellent  coatings  on  KC1  will  be  discussed. 


"Analysis  of  Laser  Calorimetric  Data" 


Adiabatic  laser  calorimetry,  which  is  the 
widely  used  method  for  studying  the  absorption  co- 
efficients of  low-loss  materials,  can  be  adapted  to 
study  both  the  bulk  and  surface  absorption  by  using 
a long  rod  sample  geometry.  In  the  limiting  case  of 
small  heat  losses,  calculations  of  the  thermal  rise 
curves  obtained  in  laser  calorimetry  indicate  that 
two  regions  of  constant  slope  can  bo  expected.  The 
first  of  these  can  be  identified  with  the  bulk  ab- 
sorption coefficient  only  and  the  second  with  the 
sum  of  the  surface  and  bulk  absorptions.  Kxper imen La  1 
data  illustrating  this  two-slope-  behavior  is  presented. 

"Surface  and  Bulk  Absorpfion  Measurements  - Two  Methods  of  Analysis" 

Classical  heat  flow  has  been  employed  in  a previous 
paper  to  determine  bulk  and  surface  absorption 
coefficients  for  long,  highly  transparent  samples.  Here 
we  present  a brief  outline  of  this  method  and  an  older 
method  which  utilizes  the  slopes  of  the  temperature-t ime 
curves  directly  to  separate  surface  and  bulk  absorption. 

We  then  compare  the  results  of  the  two  methods  and  give 
possible  sources  of  error  along  with  suggestions  as  to 
when  each  method  of  analysis  would  be  preferred. 
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PREFACE 

This  report  describes  work  on  Low  Loss  Window  Materials  for 
chemical  lasers  under  contract  No.  N00014-76-C-0941 . This  is  a final 
report  prepared  for  the  Navel  Research  Laboratory,  Washington,  D.  C. 
Participating  in  the  research  were,  in  addition  to  the  principal 
Investigator,  -James  A.  Harrington,  Don  A.  Gregory,  William  Otto, 
Charles  E.  Patty,  Jr.  and  Donald  R.  Hulsey. 
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SUMMARY 


The  research  into  chemical  laser  window  material  has  now 
turned  to  some  degree  into  investigating  other  materials  which  have 
received  little  or  no  attention  at  the  HF  and  DF  laser  wavelengths. 
Specifically,  our  measurements  of  the  absorption  in  LiYF^,  Yttralox, 
ZnS,  CdTe,  KBr,  SrF2,  and  KRS-5  will  be  discussed  and  related  to  the 
intrinsic  absorption  in  these  hosts. 

Further  investigation  into  the  long  bar  method  of  laser 
calorimetry  is  presented  along  with  two  methods  of  analyzing  the 
temperature  vs.  time  curve.  Finally  these  two  methods  are  compared 
using  actual  data  obtained  via  the  two  methods  of  analysis. 


NEW  MATERIALS  FOR  CHEMICAL  LASER  WINDOWS* 


James  A.  Harrington 
Physics  Department 
University  of  Alabama  in  Huntsville 
Huntsville,  Alabama  35807 


Many  of  the  more  common  materials  such  as  the  alkaline  earth  fluorides,  ZnSe, 
and  the  alkali  halides  have  been  studied  for  use  as  low  loss  windows  on  DF-HF 
chemical  lasers  yet  there  remain  others  which  have  received  little  or  no  attention 
at  these  wavelengths.  We  have  begun  to  investigate  some  of  these  other  materials 
in  hopes  of  finding  additional  low  absorbing  materials  which  show  potential  as 
laser  windows.  Specifically,  our  measurements  of  the  optical  absorption  in 
LiYF^,  Yttralox,  ZnS,  CdTe,  KBr,  SrF2,  and  KRS-5  will  be  discussed  and  related 

to  the  intrinsic  absorption  in  these  hosts.  In  all  cases,  the  measured  absorption 
has  been  found  to  be  greater  than  the  intrinsic  value.  In  additior  to  the  ab- 
sorption measurements  on  these  substances,  some  recent  optical  absorption 
measurements  on  water  repellent  coatings  on  KC1  will  be  discussed. 

Key  words:  Chemical  lasers;  laser  windows;  infrared  materials;  multiphonon 

absorption;  optical  absorption;  water  repellent  coatings. 

1.  Introduction 

During  the  past  several  years,  a wide  variety  of  materials  have  been  studied  for  use  as  low  loss 
windows  on  high  powered  infrared  lasers.  At  DF/HF  chemical  laser  wavelengths,  the  range  of  potentially 
low  loss  materials  is  particularly  wide  and  the  optical  absorption  in  the  most  common  hosts  such  as 
the  alkali  halides,  alkaline  earth  fluorides,  ZnSe,  Si,  Ge,  Al-jO^,  and  MgO  has  been  previously  discussed 

[ 1 ,2] 1 . There  remain,  however,  other  promising  materials  which  have  received  little  or  no  attention 
at  these  wavelengths.  In  this  investigation,  we  report  the  results  of  our  optical  absorption  measure- 
ments at  OF  and  HF  wavelengths  on  some  less  studied  substances  (Yttralox,  KRS-5,  ZnS,  CdTe,  and  L i Y ) 

as  well  as  on  some  improved  KBr  and  polycrystaline  SrF,,.  In  addition  to  these  measurements,  the  optical 
absorption  in  polymeric  (water  repellent)  coatings  on  KC1  will  be  presented. 

2.  Experimental  Procedure  and  Techniques 

The  optical  absorption  was  measured  using  standard  laser  calorimetric  techniques  [3].  In  order 
to  minimize  surface  contamination,  all  samples  were  measured  in  a vacuum  calorimeter.  In  the  case  of 
SrF2,  a special  vacuum  calorimeter  was  used  so  that  the  samples  could  be  baked  out  under  vacuum  and 

then  measured  without  moving  the  samples  (cf  section  3.2).  The  cw  DF/HF  chemical  laser  used  as  a source 
was  constructed  from  our  own  design  and  delivered  from  5 to  10  watts  of  multiline  power. 

Samples  were  supplied  for  measurement  from  a variety  of  laboratories  engaged  in  state-of-the-art 
materials  preparation.  Each  sample  was  cleaned  with  spectrograde  CCl^  just  prior  to  measurement.  In 

Instances  when  the  surface  quality  looked  particularly  bad  as  viewed  under  a Nomarski  microscope,  the 
surfaces  were  mechanically  polished,  cleaned,  and  then  remeasured.  When  this  was  done,  the  absorption 
was  always  less  than  the  initial  value.  Examples  of  this  behavior  are  noted  in  the  next  section. 

3.  Experimental  Results 
3.1  Semiconductors 

Two  semiconductors , which  had  previously  not  been  measured,  were  studied.  Single  crystal  CdTe 
obtained  from  1 1 -VI , Inc.  was  found  to  have  an  absorption  coefficient  6 at  DF  (3.8  pm)  and  HF  (2.8  pm) 
wavelengths  of:  , . 

CdTe  6 (DF)  = 4'8x1°  cm 
B (HF)  = 5.3xl0*3  cm*1 

These  values  are  approximately  an  order  of  magnitude  higher  than  the  values  reported  by  Deutsch  [ 4 ] at 
CO^  and  CO  wavelengths.  A sample  of  CVD  ZnS  was  obtained  from  Raytheon.  In  the  past  this  has  been 

a high  loss  material  with  a measured  B(C02)=0.15  cm"1  [4].  At  chemical  laser  wavelengths,  however,  we 
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measured  smaller  absorption  as  follows:  . 

ZnS  6 (DF)  = 0.049  cm'1 

. B (HF)  = 0.024  cm'1 

3.2  Raytheon  Cast  SrF2 

Three  samples  (VHP  597)  of  the  most  current,  polycrystal ine  SrF^  material  were  obtained  from 

Raytheon.  The  three  pieces  enabled  us  to  obtain  B for  four  different  lengths  L ranging  from  0.5  to 
2 cm  and  thus  to  plot  Bl  vs  L for  separation  of  bulk  and  surface  absorption  contributions  from  the 
total  absorption. 

The  first  measurements  performed  on  the  as-received  samples  are  shown  at  3.8  pm  in  figure  1.  It 
can  easily  be  seen  from  the  figure  that  the  absorption  data  (•)  are  quite  scattered  and  therefore  no 
reliable  surface  and  bulk  separation  is  possible.  A similar  result,  not  shown,  was  obtained  at  2.7  pm. 
This  scatter  in  the  data  is  often  due  to  unequal  preparation  or  contamination  of  the  sample  surfaces. 

In  order  to  minimize  this  problem,  each  sample  was  cleaned  in  trichloroethylene  and  then  mounted  in 
a special  vacuum  calorimeter  for  a bakeout  at  200°C  for  several  hours  under  vacuum.  The  samples  were 
then  cooled  and  £ remeasured  without  breaking  vacuum.  These  remeasured  absorptions,  which  are  plotted 
in  figure  I (l) , yield  more  consistent  data  and  thus  a least  squares  fit  to  the  data  was  made.  From 
the  slope  and  intercept  of  this  fit  the  following  bulk  (Bb)  and  surface  (Bs)  absorption  coefficients 
are  obtained:  B,  ^ 

Bc  = 5.4X10'3  cm'1 
B -5 

_c  i Br  = 5.3x10  /surface 

The  bulk  value  of  5.4x10  3cm  1 represents  the  smallest  absorption  of  any  sample  measured  to  date  at 
3.8  pm.  Unfortunately,  the  results  after  bakeout  at  2.7  pm  were  again  quite  scattered  and  it  was 
not  possible  to  fit  the  data.  A summary  of  all  data  for  these  samples  is  given  below  in  table  1. 

Table  1.  Optical  absorption  in  SrF2  (Raytheon  VHP  597) 


Sample  Condition 

Wavelenqth 

Byfcm"1) 

Bgfcm'1) 

85/surface 

As-received 

OF 

1.6xlO'4 

-- 

— 

HF 

4.7xl0"4 

— 

-- 

Vacuum  bakeout 

DF 

1.6xlO'4 

5. 4x10"  ^ 

5.3xl0'5 

HF 

4.1xl0'4 

-- 



The  total  absorption  coefficient  By  is  the  average  B obtained  from  the  three  samples. 

3.3  Alkali  Halides 

KRS-5  is  an  attractive  substance  for  a laser  window  because  of  its  resistance  to  environmental 
attack.  It  has  received  little  attention,  however,  due  to  its  relatively  high  loss  at  C02  frequencies 

[4].  At  OF  and  HF  wavelengths  we  have  measured  the  following  absorption  in  a sample  of  Harshaw  KRS-5: 

B (DF)  = 2.3xl0"3  cm'1 

KRS-5  _ /iir\  . c in"3  *1 

B (HF)  = 3.5x10  cm 

Recently  grown  single  crystal  KBr  was  obtained  from  Dr.  Phil  Klein  of  NRL  for  our  absorption 
studies.  This  material  was  RAP  processed  [5]  and  represents  some  of  the  best  KBr  we  have  measured 
to  date.  Table  2 summarizes  our  absorption  coefficient  measurements  on  the  samples  as-received  and 


Table  2.  Optical  Absorption  in  KBr 


Sample  No. 
B-324 


Surfaces 

As-received 
Mech.  Polish 
Mech.  Polish 


By  (DF)  (cm' 

3.6xl0‘T 

2.2xl0'4 

1.3xl0"4 


BT  (HF)  [cm'1] 

4.2xl0'4 
3.2xl0'4 
4 . lxlO4 


after  a mechanical  polish.  It  can  be  seen  that  polishing  just  prior  to  measurement  lowers  the  ab- 


■hmhhhh 


sorption  as  might  be  expected  for  a hydroscopic  material  yet  the  absorption  still  remains  well  above 
the  intrinsic  value  for  KBr.  Further  surface  treatment  such  as  chemical  etching  should  be  done  to  try 
to  minimize  surface  absorption. 


3.4  Yttralox 

Yttralox  (y„03(90%):  ThO  (10*)]  is  an  oxide  with  many  attractive  features  as  a potential  low 
loss  laser  window.  It  has  the^usual  strength  and  environmental  resistance  typical  of  oxides  while  at 
the  same  time  exhibiting  lower  absorption  than,  for  example,  sapphire  [lj.  The  Yttralox  obtained 
for  this  study  was  supplied  by  General  Electric  [6]. 

The  infrared  absorption  spectrum  for  Yttralox  is  shown  in  figure  2.  An  extrapolation  of  the 

multiphonon  edge  to  Bjn£(DF)=2.6xlO"^cm"*  and  Bjn£(HF)=4.6xl0"^cm'^  indicates  the  very  low  Intrinsic 

values  for  this  material  at  the  chemical  laser  wavelengths.  However,  an  extrinsic  band  is  present  in 
the  as-received  material.  This  band,  unfortunately , appears  directly  between  the  OF  and  HF  frequencies 
and  is  responsible  for  the  higher  absorption  in  this  region. 


In  order  to  improve  this  material  it  is  necessary  to  reduce  the  extrinsic  absorption  band  centered 
near  3 pm.  One  method  used  to  minimize  this  band  is  a reheating  of  the  sample  in  a small  amount 
(n-10  ppm)  of  oxygen  at  high  temperature  (%1700°C).  In  reheating  the  sample  whose  absorption  is  shown 
In  figure  2,  the  extrinsic  band  completely  disappeared.  In  this  treatment,  oxygen  is  presumably  being 
forced  into  the  Yttralox  and  the  likely  OH*  contaminant  removed.  On  remeasuring  8 calorimetrical ly , 
the  OF  B in  one  sample  (not  shown  in  figure  2)  decreased  by  a factor  of  6 and  the  HF  8 by  a factor 
of  4 [ 1 ]. 


It  would  seem  that  the  most  likely  contaminant  would  be  OH'  and  that  it  is  being  at  least 
partially  removed  in  the  retreatment  process  described  above.  Sulfur  containing  compounds,  however,  are 
also  a possible  source  of  contamination.  In  some  cases  the  starting  powder  is  ball-milled  and  in 
some  cases  this  step  Is  eliminated  from  the  processing  procedure.  Ball-milling  can  introduce  sulfur 
and,  therefore,  we  have  looked  at  different  samples  which  are  identical  in  processing  except  for  the 
ball-milling  operation.  For  those  samples  which  involved  the  ball-milling  operation,  the  absorption 
was  always  less  at  both  OF  and  HF  wavelengths  than  the  corresponding  samples  which  did  not  include 
ball-milling  in  their  processing.  Therefore,  we  cannot  conclude  that  sulfur  is  definitely  an  impurity 
contributing  to  the  extrinsic  band  near  3 um. 


3.E  Li  YF4 

LI  YF^  Is  a potentially  low  loss  material  with  good  environmental  resistance,  a low  index  of 

refraction  (1.46),  and  relatively  high  thermal  conductivity  (0.044W//cm°K) . The  infrared  absorption  of 
undoped,  single  crystal  Li  YF^  obtained  from  Sanders  Assoc.,  Inc.  is  shown  in  figure  3.  Included 

on  the  figure  are  our  calorimetrlcally  measured  absorption  coefficients 

L1  Yf  e (OF)  = 6-3x10"3  cm'1 

4 6 (HF)  = 4.1  x lO’^cm'1 

along  with  the  much  smaller  extrapolated  intrinsic  values.  Again  it  can  be  seen  that  the  measured 
absorptions  lie  well  above  the  multiphonon  edge  indicating  that  the  absorption  is  extrinsically 
limited. 

3.6  Polymeric  coatings 

Water  repellent,  coatings  have  been  produced  to  protect  hydroscopic  materials  such  as  KC1 . These 
coatings  have,  as  well,  to  be  evaluated  in  terms  of  optical  absorption.  To  study  the  DF  and  HF  ab- 
sorption, Research  Triangle  deposited  a water  repel  lent .polymer  coating  on  one-half  of  a KCL  substrate. 
Our  absorption  measurements  on  this  half-coated  substrate  are  given  in  table  3.  Unfortunately,  the 

Table  3.  Polymeric  coatings  on  KC1 


Sample  Section 

Uncoated 

Coated 

total  absorption  in  the  uncoated  half  is 


Bt(DF)  [cm'1] 

1 . 9xl0'3 
2.  lxlO'3 

essentially  the  same 


Bt(HF)  [cm'1] 

1.3xl0'2 

1.6xl0'2 

as  the  coated  half,  within  experimental 


I 


9 


error,  so  that  It  Is  impossible  to  extract  from  the  data  the  absorption  in  the  polymeric  coating 
alone.  All  that  can  be  said  is  that  the  coating  material  may  have  a low  absorption  but  reliable 
coating  absorptions  cannot  be  obtained  until  better  KC1  substrate  material  is  used. 

« 

4.  Conclusions 

The  optical  absorption  in  all  of  the  materials  studied  has  been  found  to  be  extrinsically  limited. 
In  the  case  of  some  materials  such  as  Yttralox,  the  extrinsic  bands  are  visible  and  methods  have  been 
attempted  to  reduce  these  bands  near  3 urn.  Yttralox,  as  well  as,  LiYF.,  and  CdTe  are  previously  little 
studied  materials  which  could  be  improved  through  further  materials  processing.  This  would  be  espe- 
cially profitable  for  Yttralox  and  Li  YF.  since  they  have  appealing  physical  properties.  Other 
rate-rials  such  as  ZnS  and  KRS-5  have  absorption  coefficients  too  high  to  be  viable  alternatives  for 
low  loss  windows. 
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7.  Figure  captions 

Figure  1.  Intrinsic  absorption  in  Raytheon  cast  Sr  at  OF  laser  frequencies. 

Figure  2.  Infrared  absorption  in  Yttralox.  Note  the  extrinsic  band  near  3 pm 
and  the  extrinsically  limited  OF  and  HF  absorption  coefficients. 

Figure  3.  Infrared  absorption  in  Li  YF^. 
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ABSTRACT 

Adiabatic  laser  calorimetry,  which  is  the 
widely  used  method  for  studying  the  absorption  Co- 
efficients of  low-loss  materials,  can  be  adapted  to 
study  both  the  bulk  and  surface  absorption  by  using 
a long  rod  sample  geometry.  In  the  limiting  case  of 
sipall  heat  losses,  calculations  of  the  thermal  rise 
curves  obtained  in  laser  calorimetry  indicate  that 
two  regions  of  constant  slope  can  bo  expected.  The 
first  of  these  can  be  identified  with  the  bulk  ab- 
sorption coefficient  only  and  the  second  with  the 
sum  of  the  surface  and  bulk  absorptions.  Experimental 
data  illustrating  this  two-slope  behavior  is  presented. 


I.  INTRODUCTION 


One  of  the  more  difficult  problems  in  measuring  the  absorp- 
tion ‘ coef f ic ients  of  low-loss  materials  has  been  the  separation 
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of  surface  and  bulk  effects.  ’ A way  of  establishing  the 

magnitude  of  bulk  absorption  even  in  the  presence  of  much  larger 

surface  absorption  was  indicated  in  previous  work  from  this 

laboratory  using  a modification  of  the  widely  used  technique  of 
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laser  calorimetry.  ' Here,  it  was  shown  that  by  use  of  long 
rod  sample  geometries  with  axial  heating,  a separation  between 
surface  and  bulk  absorption  could  be  achieved  by  analyzing  the 
time  dependence  of  the  thermal  rise  curves.  For  short  times, 
it  could  be  shown  that  the  thermal  rise  curves  depended  only  up- 
on the  bulk  absorption  and  did  not  depend  upon  the  surface  con- 
tribution. In  subsequent  work,**  it  was  shown  that  the  surface 
absorption  contribution,  as  well  as  the  bulk,  could  be  evaluated 
by  a detailed  study  of  the  complete  thermal  rise  curve  of  a long 
rod  sample  in  which  explicit  knowledge  of  the  thermal  diffusivity 
is  required. 

In  this  present  work,  a simple  approximation  method  for 
evaluating  surface  absorption  is  presented  and  justified.  This 
method  is  useful  in  establishing  whether  significant  surface  ab- 
sorption is  present  and  its  approximate  magnitude.  The  method 
is  based  upon  considerations  of  the  three-dimensional  heat  equa- 
tion and  is  illustrated  by  calculations  and  experimental  data. 
Basically,  it  is  shown  that  the  thermal  rise  curves  of  axially 
heated  samples  under  certain  conditions  consists  of  two  regions 
of  constant  slope,  the  first  of  which  can  be  identified  with 
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the  bulk  absorption  noted  previously  and  the  second  with  the 
total  (surface  + bulk)  absorption.  An  accurate  knowledge  of 
the  thermal  diffusivity  is  not  required  and  heat  losses  are 
readily  incorporated  into  the  analysis. 

II.  GENERAL  ASPECTS 

Laser  calorimetry  as  a means  of  obtaining  the  low  loss  ab- 
sorption coefficients  of  materials  has  been  discussed  in  several 
1 2 

reviews  ' and  will  not  be  dealt  with  here  except  for  a few 

special  remarks.  Briefly,  in  adiabatic  laser  calorimetry,  a 

sample  is  allowed  to  come  to  thermal  equilibrium  with  its 

surroundings  inside  a blackened  enclosure.  After  time  t=0,  the 

sample  is  irradiated  by  a cw  laser  beam.  Absorption  of  radiation 

by  the  sample  results  in  heating  which  is  measured  experimentally. 

In  the  limiting  case  of  small  heat  losses  and  small  samples, 

the  detailed  space-dependence  of  the  temperature  is  ignored 

entirely.  The  temperature  as  measured  by  a thermocouple  will 

increase  linearly  with  time  (after  a few  seconds  to  achieve 

thermalization)  and  is  given  by 

me  (dT/dt)  - AP  (1) 

\heat 

where  m is  the  sample  mass,  c is  its  specific',*  P is  the  power 
incident  cn  the  sample  (for  simplicity  reflection  losses  are  not 
considered  here)  and  A the  fraction  that  is  absorbed  (by  either 
bulk  or  surface).  Here  the  right  hand  side  is  just  the  total 
heat  absorbed,  and  dT/dt  on  the  left  the  temperature  increase 
caused  by  it.  Eq.  (1)  is  appealing  in  its  simplicity,  but  of 
limited  usefulness.  It  can,  for  example,  give  no  information  on 
the  details  of  the  absorption  processes  lumped  into  the  constant 

A. 
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A separation  between  bulk  and  surface  absorption  can  be 
achieved  by  use  of  a long  rod  geometry  with  axial  illumination 
and  with  the  temperature  sensor  located  on  the  periphery  of  the 
rod  near  the  midpoint.  In  this  case  the  time  required  for  the 
heat  absorbed  by  the  end  surface  to  reach  the  temperature  sen- 
sor is  longer  than  for  the  bult^  which  is  axially  heated.  As 
a first  approximation,  consider  an  infinite  medium  of  thermal 
diffusivity  a and  dimensionality  D in  which  heat  is  turned  on  at 

time  t=0.  The  temperature  at  a distance  r from  source  reaches 
. . 2 

its  maximum  rate  of  increase  at  time  t=r  /2aD,  as  shown  in 
Appendix  2.  Consider  for  example  a KC1  rod  one  cm  in  diameter 
and  10  cm  long.  Then  this  characteristic  time  will  be  about  one 
sec  for  bulk  absorption  along  the  axis  to  reach  the  temperature 
sensor  (r=£cm,D=2),  but  about  200  sec  for  heat  generated  at 
the  end  surface  (r  = 5 cm,  D=l.  ) Thus  thermal  rise  data  taken  in  a 
time  range  of  about  1-200  sec  would  be  expected  to  be  representa- 
tive of  bulk  absorption,  while  that  taken  for  times  longer  than 
200  sec  would  have  a surface  contribution  as  well. 

These  results  are  illustrated  in  Fig.  1 which  shows  a ther- 
mal rise  curve  calculated  for  a typical  sample  using  the  full 
solution  of  the  three-dimensional  heat  equation.  The  first 
constant  slope  can  be  identified  with  bulk  absorption  and  after 
about  200  sec  another  constant  slope  appears  which  can  be 
identified  with  the  total  (surface  plus  bulk)  absorption.  This 
identification  can  be  expressed  in  a more  quantitative  form  by 
considering  the  solution  of  the  three-dimensional  heat  equation 
for  a finite  cylinder  with  vanishing  heat  losses,  which  is  ob- 
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tained  in  Appendix  I.  in  that  case,  the  temperature  T at  the 
middle  of  the  peripheral  surface  of  the  rod  is,  according  to 
Eqs.(AlO),  ( A13 ) , (A16)  and  (A20) 


T - Ts  ■ Sc  lBL  - !„>  + 25 


t - £ - <£>*] ) 


+ bulk  transient  terms  + end  surface  transient  terms,  as 
* « « 

shown  in  the  Appendix.  Here  Tg  is  the  temperature  of  the 

surroundings,  3 the  bulk  absorption  coefficient  per  unit  length, 

S the  fraction  absorbed  at  one  end  surface,  t the  time,  and  L,  b, 

m,c,/0,k,  respectively  the  length,  radius,  mass,  specific  heat,  density 

and  conductivity  of  the  sample  and  a =k/cp  . As  it  stands, 

Eq.  (2)  is  valid  for  large  t;  at  times  before  the  heat  from  the 

surface  arrives,  the  term  involving  S is  to  be  omitted.  The 

transient  terms  produce  the  smooth  transition  between  regions 

of  constant  slope  in  the  thermal  rise  curves  and  are  neglected 

2 

here.  The  factor,  r /8a  , which  is  approximately  the  char- 

acteristic time  for  heat  to  travel  from  the  axis  to  the  periphery 
may  also  be  neglected  for  our  narrow  rods, as  b « L . Thus 
Eq.  (2)  can  be  simplified  to 

/2 

3Lt  (jL)  short  times 

+ 2S[t  - ]}  (3)- 

“'■'j  8Lt  6a  long  times 

This  confirms  the  calculated  thermal  rise  curve  of  Fig.  1.  The 
constant  slope  due  to  bulk  absorption  appears  first;  the  surface 
contribution  gives  a larger  total  slope  but  manifests  itself 
later.  This  can  be  more  clearly  seen  by  rearranging  the  long 
time  expression  in  Eq.  (3)  giving 
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T - Ts  - L * 2=>  - !ct5s-  (fe)2i  <-» 

Thus  the  slope  in  the  long  time  region  is  proportional  to  the 
total  absorption , BL  + 2S,  and  the  intercept  depends  upon  the 
ratio  of  the  surface  to  the  total  absorption. 

For  equal  bulk  and  surface  absorption  as  in  the  case  cal- 
culated in  Fig.  1,  this  intercept  will  be  about  40  sec.  At 
least  where  heat  losses  are  very  small,  the  magnitude  of  both 
the  bulk  and  surface  absorption  can  be  established  in  a simple 
and  straightforward  way.  The  inclusion  of  heat  losses  adds 
additional  complications  because  of  a nonuniform  temperature 
profile  of  the  rod.  But  it  will  be  seen  shortly  that  this  can 
be  dealt  with  in  a simple  way  for  typical  cases. 

In  order  to  gain  some  idea  of  the  nature  of  thermal  rise 
curves  for  various  ratios  of  surface  to  bulk  absorption,  a num- 
ber of  calculations  were  carried  out  using  the  full  solution  of 

7 

the  heat  equation  and  are  shown  in  Fig.  2.  It  can  be  seen  that 
as  expected  the  second  slope  appears  somewhat  earlier  as  the 
surface  absorption  increases.  In  order  to  obtain  an  idea  of 
the  thermal  rise  curves  as  a function  of  length,  a number  of 
calculations  were  carried  out  and  are  shown  in  Fig.  3.  These 
results  show  that  while  long  cylinders  are  obviously  desirable, 
it  is  possible  to  employ  shorter  samples. 

So  far  heat  losses  have  been  ignored.  They  are,  however, 
difficult  to  eliminate  in  actual  measurements,  and  have  been 


6 


included  in  a previous  calculation  of  the  temperature  dis- 
tribution. These  involve  a detailed  comparison  of  experiment 
and  theory.  Most  investigators  have  chosen  to  account  for 
heat  losses  in  a simple  manner  by  use  of  a "sum-of-slopes" 

(sum  of  rising  and  falling  slopes  at  a constant  temperature) 

g 

or  the  "three-slope"  formula  which  is  more  general.  The 
latter  two  approaches  assume  instant  thermalization  in  which  the 
heat  absorbed  is  presumed  to  be  immediately  dispersed  through 
the  sample.  This  is  a reasonable  approach  for  bulk  absorption 
alone,  or  for  the  total  absorption  provided  samples  are  small  or 
approximately  cubic  or  spherical  shape,. but  not  for  either  long 
rods  with  end  surface  absorption  or  for  discs.  Nevertheless, 
the  "sum-of-slopes"  or  "three-slope"  expressions  do  provide  a 
convenient  way  of  accounting  for  heat  losses.  Consequently,  a 
calculation  lias  been  carried  out  and  the  exact  result  for  surface 
only  absorption  lias  been  compared  with  the  "sum-of-slopes" 
formula.  The  calculations  are  illustrated  in  Fig.  4 for  the 
case  of  no  heat  losses  and  where  arbitrary  heat  losses  have 
been  included.  The  thermal  rise  slope  for  no  heat  losses  has 
been  compared  with  the  "sum-of-slopes"  where  heat  losses  have 
been  introduced.  Note  that  an  error  less  than  15%  results. 

Thus,  it  is  felt  that  for  samples  of  about  this  size  and  thermal 
diffusivity,  no  appreciable  error  will  result  from  use  of  the 
"sum-of-slopes"  or  three  slope  formulas. 

III.  EXPERIMENTAL  RESULTS 

A typical  experimental  situation  is  shown  in  Fig.  5 for  KC1 
at  10.6  pm.  For  this  sample,  a two  slope  region  behavior  with 
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small  heat  losses  is  evident.  The  surface  absorption  is  about 
equal  to  the  bulk  absorption.  The  time  axis  intercept  is  very 
close  to  ) /G a = 25  sec  expected  from  Eq . (4)  is  when  the 

small  jump  at  t=0  (due  to  scattering)  when  the  laser  is  turned 
on  is  eliminated.  After  the  laser  is  turned  off  the  temperature 
continues  rising  (again  ignoring  the  small  jump  due  to  scattering) 
because  previously  absorbed  heat  is  still  flowing  to  the  thermo- 
couple. After  thermalization  lias  been  achieved  in  a time  two  or 

2 

three  times  larger  than  ($L  ) /6a  ~ 50  sec,  the  temperature 

decreases  slowly  due  to  heat  losses.  For  samples  of  this  nature, 
the  two  slope  behavior  is  readily  observed.  For  crystals  sucli 
as  ZnSe,  the  process  is  more  difficult  to  observe  due  to  the 
higher  thermal  diffusivity  which  makes  the  characteristic  time 
(J  L)  /6a  comparable  to  the  response  time  of  the  system  for 
samples  of  a few  cm  length.  For  other  samples  such  as  silicate 
glasses,  heat  losses  are  greater  and  are  not  well  fitted  by 

1 

simple  "sum-of-slopes"  or  "three-slope"  formulas. 

A few  additional  comments  about  experimental  techniques  are 
in  order,  although  most  of  this  has  been  presented  previously . ^ ^ 

It  should  be  stressed  that  time  constants  of  the  measuring 
system  must  be  short  compared  to  r /6a  to  make  the  above  analysis 
valid.  Fast  time  constants  can  be  achieved  by  cementing  the 

thermocouple  to  an  aluminized  spot  on  the  sample.  Use  of  an  , 

aluminized  spot  lias  been  known  to  work  well  in  reducing  scattered 
light  effects  by  reflection.  In  much  laser  calorimetric  work  I 

on  infrared  materials,  the  thermocouple  is  pressed  into  the 
sample  using  a plastic  rod.  This  procedure  increases  the  time 
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constant  because  of  the  high  thermal  mass  of  the  rod.  In 

addition,  the  sample  is  mounted  on  threads  to  reduce  thermal 

linkage  to  the  specimen  holder.  Some  investigators  have  chosen 

to  use  vacuum  calorimeters  both  to  reduce  heat  losses  and  to 

remove  surface  absorbing  films.  This  will  help  in  reducing  heat 

losses,  but  involves  extra  complexity. 

% 

w 

In  addition,  we  have  also  achieved  better  results  when  small 
laser  spots  are  employed.  Consequently,  the  output  mode  pattern 
of  the  laser  should  be  checked. 

Our  principal  conclusion  and  both  the  surface  and  bulk  ab- 
sorption can  be  established  quite  well  using  adiabatic  laser 
calorimetry  by  using  a long  rod  sample  geometry. 


FIGURE  CAPTIONS 


Fig.  1. 

Fig.  2. 
Fig.  3. 

Fig.  4. 

Fig.  5, 


Calculated  thermal  rise  curve  for  a long  rod  of  KC1 
having  both  surface  and  bulk  absorption.  Note  a 
change  in  slope  at  about  80  sec.  The  time  axis  in- 
tercept is  indicated  by  an  arrow. 

Calculated  thermal  rise  curves  for  a long  rod  of  KC1 
having  different  amounts  of  surface  absorption. 
Calculation  thermal  rise  curves  for  long  rods  of  KC1 
of  different  lengths  but  the  same  bulk  absorption 
coefficient  and  same  surface  absorption. 

Calculated  thermal  rise  curves  for  a long  rod  of  KC1 
having  only  surface  absorption.  The  cases  of  no  heat 
losses  and  a large  arbitrary  hea t loss  are  considered. 
Experimental  thermal  rise  curve  for  KC1.  Note  a two 
slope  behavior  with  approximately  equal  contributions 
to  the  heat  from  surface  and  bulk  effects.  The 
characteristic  time  (£  L)  /®0(  is  about  50  sec  for 
this  sample.  A small  .jump  occurs  on  laser  turnon  and 
turnoff  due  to  scattered  light.  The  bulk  absorption 
coefficient  in  this  sample  is  9 x 10  5 cm  1 and  the 
surface  absorption  is  1.1  times  the  bulk  absorption. 
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APPENDIX  I - Temperature  Distribution  in  an  Insulated  Cylinder 

We  have  recently  obtained  the  following  solution  to  the 
temperature  distribution  in  a cylinder  that  is  heated  by  a laser 
beam  along  the  axis  and  looses  heat  at  every  surface: 


_ T(r,z,t)  - (2„p/k)  rt[Hn2Zm2/y„nJ0-S<tnb>)- 

•u^n’z>VV><“Plm,SP2m>' 

*[l-oxp(-ynnat)] 

Here  r and  z are  the  usual  cylindrical  coordinates,  r=b,  z=0 

and  z=L  are  the  bounding  surfaces,  t is  the  time,  T the  tempera- 
»is  the  thermal  diffusivity 

ture,  a - k/cpf  k is  the  thermal  conductivity,  c tne  specific 
heat  and  p the  density  of  the  sample,  P the  power  of  the 
laser  beam,  B the  bulk  absorption  coefficient  (i.e.  the  fraction 
of  P absorbed  per  unit  distance  traversed)  and  S the  fraction 
of  P absorbed  by  one  end  surface.  R^  and  Zn  are  given  by 


(Al) 


Rn~2  = 2ff2b2[ (H/en)2  + 1] 


(A2) 


m 


"2  - H + (L/2)[em2  + H2] 


with  II=h/k  and  h the  coefficient  of  heat  transfer  at  a boundary, 
u is  given  by 


u(e  ,z)  = e_c°sc  z+Hsine  z 
m ’ m m m 


(A3) 


J is  the  Bessel  function  of  order  zero  and  the  eigenvalues  e 
° m 

and  e are,  respectively,  the  solutions  of  the  transcendental 
equations 


tb'’  'mL  ' 211 

11  Jo<'nb>-Vl«nb> 


(A4) 


The  reader  may  be  able  to  verify  that  this  indeed  satisfies  the 
h ea t equation  . * 


V2T  + g(z,r, t)  „ 1 JT 

k a it  ( A6 ) 

with  a source  function 

g = P6(r)  (2’,r)~1  [3  + S6(z)]  (A7) 

turned  on  at  t=0  and  general  boundary  conditions  of  the  third 
kind 

k dx/dn  + hT  = 0 

(where  n is  the  surface  normal)  at  each  of  three  boundary  sur- 
faces and  reduces  to  T=0,  the  temperature  of  the  surroundings, 
at  t»0. 

When  surface  absorption  takes  place  at  the  surface  z=L  as 

well  as  at  z=0,  there  are  two  ways  of  constructing  the  appropriate 

solution  from  (Al):  Either  replace  <5(z)  in  (A7)  by  [ 6 ( t ) +6  (z-L)  ] , 

which  has  the  consequence  of  replacing  p in  (A5)  by 

2m 

P,„  =*  f (1  + cos  c L)  + H sin  f L ; 

Zm  m m m 

that  is  how  is  was  done  in  Kef.  8.  Alternatively,  wc  can  break 

(Al)  up  into  two  terms,  writing  it  as  T=BT^  + STg  (wllcn  i*0*-'1 

and  T„  are  double  sums)  and  then  replacing  u(e  ,z)  by  [ u/c  ,z)  + 

Ct  mm 

u(tm>L-z)]  in'  T2  only.  That  is  the  way  we  shall  proceed  below, 
after  Eq.  (A12). 
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Our  purpose  in  this  Appendix  is  to  examine  how  all  this 
simplifies  if  the  sample  is  thermally  insulated  (no  heat  flow 
at  the  surface,  h=0  in  (A8)  and  elsewhere).  First  of  all,  we 
see  from  (A4)  that 

fm  = m^/L  » m=0, 1,2,  . . . (A9) 

so  that,  from  (A3) 

U(VZ)  " fm  cos  em  z; 

similarly,  the  f are  now  determined  by  J^(*nb)  = 0 , so 

that,  for  n^O,  we  get  (Q  =0  and  for  n > 0,  e n is  nearly  ^(n+'fVb 

9 

(though  not  exactly  ).  is  given  by  (A5),  and  (A2)  changes 

accordingly.  The  result  is 


T ( r , z , t ) = (P/VK)  (BLF(r,t)  + S[F(r,t)  + 2 G(z,r,t)]) 


(A10) 


where 


F ( r , t ) 


at  + L 
n=l 


W> 

srv<€nb) 


[1-e 


-a 


c V 
n ] 


(All) 


G(z,r ,t) 


* b COS  ( Z b 

m=l  n=0 


J (e  r) 

0 m 

<c»Z«»Z>Jo2<*nb> 


[l-e“a  (Cm  +Cm  (A12) 


Note  that  the  coefficient  of  B is  now  independent  of  z.  Physically,' 
this  is  a consequence  of  symmetry:  if  bulk  heating  is  uniform 

along  the  axis,  and  the  boundary  conditions  forbid  flow  across 
the  end  surfaces,  then  flow  can  proceed  in  the  radial  direction 
only. 

The  solution  above,  (A10)  - (A12),  applies  to  the  source 
function  (A7)  - i.e.  surface  absorption  at  z=0  only.  If  the 
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surface  at  z=L  absorbs  equally,  die  coefficient  of  S in  (A10) 
is  to  be  replaced  by  2F(r,t)  + 2[G(z,r,t)  + G(L-z,r,t)]. 

We  observe  that  for  large  enough  t,  all  the  exponentials 
will  vanish.  In  that  case,  the  sums  in  F and  G can  be  carried 
out  for  any  point  on  the  peripheral  surface,  r=b.  For  F this 
can  be  done  directly  and  leads  to 


F(b,«)  - at  - bV8 


(A13) 


For  G,  we  interchange  the  order  of  the  two  summat ions , 

' G(z, b,® ) = E Hn(z)/Jo(enb)  - 
n=0 


where 


H (z)  - E cos  (mirz/L)/[  (mtr/L)2  + f 21 
m-1  n J 


II  (for  which  -0)  can  be  evaluated  using  formula  (573)  of 

Jolley's  book10  while  all  others  yield  to  formula  (559).  The 


result  can  be  written  as 


G (z , b , ® ) = - b2  L2  (3z2  -6z+2)  + E B (z) 
16  + 12  2 n-l  11 


( A 1 4 ) 


(A15) 


(A16) 


where 


z ~ z/L 


(A17  ) 


B (z)  - e PnZ  l+e-2P*'-  ^1-z) 

" WV  


Pn  = Lx/b 


(A18) 


(A19) 


and  the  X the  positive  roots  of  J.(x)=0.  The  x are 
n in 

approximately  equal0  to  (n+J  )ff  and,  on  account  of  the  exponential 

cxp(-pi)  , the  sum  over  the  x can  be  neglected  unless 

n n ° 

_ i 

Pj_z  <3  or  z < 3b/ff~'b  ; that  is,  for  all  z except  close  to 
the  end  at  which  surface  absorption,  takes  place.  For  surface 
absorption  by  both  ends  we  need,  as  noted  above,  the  quantity 


G(z,b,  ® ) + G(L-z,b,®  );  this  turns  out  to  be 


l 


G(z,b,»)  + b(L-z,b,»)  = - -g-  + k-  [z(l-z)4^)+|tElDa(z)+Bn(1_z)]  (A20)'; 


n-1 


where,  as  before,  the  last  sum  may  be  neglected  except  for  z 
within  a distance  of  b from  either  end. 

APPENDIX  II  - Arrival  Times 

* o % * 

In  Appendix  I,  we  have  a correct  but  complicated  solution 
to  the  heat  flow  problem  we  are  interested  in.  In  this  Appendix, 
we  present  a much  simpler  solution  which,  though  only  approxi- 
mately correct,  will  be  useful  in  the  more  qualitative  discussions 
of  the  paper  proper.  The  simplification  results  from  assuming  a 
solid  of  infinite  extent,  that  is  to  say,  from  ignoring  the 
boundary  conditions. 


The  homogeneous  heat  equation  in  D dimensions  is 

?d2T  = 3T/adt 

In  a infinite  solid,  it  has  a solution 

T = f(rD,t)  - (ffr)'D/2  exp(-rD2/r) 


where 


r = 4at 


(A21 ) 

(A22) 
(A23 ) 


as  is  well  known  and  easily  verified.  Here  the  D-dimensional 

D 

✓ 

and  the  D-dimensional  Laplacian 


2 2 

distance  is  given  by  r =E  r. 

D D . 1 


2 \ x 

is  given  by  -E  Qjo* ; . Allowing  our  space  to  be  D- 

dimensional  rather  than  setting  D=3  at  the  outset  adds  no  serious 
complications  and  will  be  useful  at  the  end  of  this  Appendix. 

Viewed  as  a function  of  r for  fixed  t,  the  solution  T=f  is 
seen  to  be  a normalized  Gaussian  of  width  4 a t.  and  at  t=0  in 
particular,  it  is  an  infinitely  sharp  Gaussian.  For  that  reason, 


,<rD't> 


is  often  referred  to  as  the  "source"  solution 
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of  the  heat  equation,  as  it  describes  the  temperature  at  later 
times  when  an  infinitely  sharp  source  is  inserted  at  the  origin 
at  time  t-0.  If,  on  the  other  hard  , we  look  at  it  as  a function 
of  t for  fixed  r,  we  see  that  it  starts  at  0,  remains  small  for 
a while,  increases  and  reaches  a peak,  and  then  decays,  reaching 
0 again  eventually. 

• % 

In  this  paper,  we  are  not  interested  in  an  infinitely  sharp 
pulse  inserted  at  t=0,  but  in  a source  at  the  origin  which  is 
turned  on  at  t=0  and  left  on.  The  appropriate  solution  can  be 

constructed  from  the  "source"  solution  above  by  writing 

rt  t 

F(rD't)  = J f(rD,t-t’)df  = J dsf(rD,S) 

° o 

Viewed  as  a function  of  t for  fixed  r , this  new  solution  F 

starts  from  0,  increases,  but  does  not  read  a maximum  at  any 

finite  time,  but,  rather,  flattens  out  and  approaches  a constant 

temperature  as  t becomes  large. 

Now  what  we  mean  by  "arrival  time"  at  a point  r from  the 

origin  is,  of  course,  somewhat  arbitrary.  But  a reasonable 

criterion  might  be  the  time  at  which  F has  its  maximum  slope  as 

2 2 

a function  of  t,  that  is,  the  time  at  which  0=dF/dt  = d f/dt 
Carrying  out  the  double  differentiation  and  solving  for  t,  we 
obtain  for  the  arrival  time 


t 


A 


rD  /2aD 


(A25) 


In  the  body  of  this  paper,  we  usually  consider  a solid  in 
the  shape  of  a long,  thin  cylinder  which  is  heated  in  two 
different  ways:  by  "bulk  absorption"  - that  is  to  say,  by  a heat 
source  along  the  axis  of  the  cylinder  - and  by  "surface  absorption"  - 
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¥ 


that  is  to  say,  by  a boat  source  at  one  of  the  end  surfaces. 

In  both  eases,  the  temperature  is  usually  measured  at  the  mid- 
point on  the  peripheral  surface  of  the  cylinder,  far  away  from 
either  end.  It  follows  that  in  the  first  case,  the  heat  flow 
will  be  in  a radial  direction,  that  is  to  say  essentially 
2-dimensional,  whereas  in  the 'second  case  the  heat  flow  will 
be  along  the  axis  of  the  cylinder,  that  is  to  say  essentially 
1 -dimensional . Accordingly,  we  conclude  that  for  bulk  absorption 

we  must  use  D=2  and  r=b,  the  radius  of  the  cylinder,  so  that 

2 

the  arrival  time  is  b /4a  . For  surface  absorption  on 

the  other  hand,  we  must  take  D=1  and  r=L/2,  half  of  the  length 

of  the  cylinder,  so  that  the  arrival  time  for  surface  absorption 

2 

turns  out  to  be  L /8a  . The  ratio  between  the  two  arrival 

2 

times  is  then  2(b/L)  . 
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Surface  and  Bulk  Absorption  Measurements- 
Two  Methods  of  Analysis* 
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Classical  heat  flow  has  been  employed  in  a previous 
paper-*-  to  determine  bulk  and  surface  absorption 
coefficients  for  long,  highly  transparent  samples.  Here 
we  present  a brief  outline  of  this  method  and  an  older 
method  which  utilizes  the  slopes  of  the  temperature-time 
curves  directly  to  separate  surface  and  bulk  absorption. 
We  then  compare  the  results  of  the  two  methods  and  give 
possible  sources  of  error  along  with  suggestions  as  to 
when  each  method  of  analysis  would  be  preferred. 
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I.  INTRODUCTION 

Using  classical  heat  flow  theory  to  determine  surface  and  bulk 
absorption  coefficients  is  not  new  to  laser  window  research,  neither 
is  analyzing  the  heating  and  cooling  slopes  directly;  but  until  now  a 
direct  comparison  between  results  obtained  using  the  two  methods  has 
not  been  available.  Therefore,  the  objective  is  to 'present  the  two 
methods  briefly  and  to  analyze  the  data  so  as  to  demonstrate  the  use- 
fulness of  each  method  of  analysis. 

Sample  heating  and  cooling  curves  of  actual  experimental  data 
are  given  along  with  commentaries  on  each.  This  affords  a chance  to 

compare  the  actual  experimental  curves  with  the  computer  simulated 

2 3 

curves  found  throughout  the  literature.  ’ 

II.  HEAT  FLOW  ANALYSIS 

The  problem  is  essentially  one  of  heat  conduction  in  a finite 
cylinder  (or  rectangular  parallelepiped) initially  at  a uniform 
temperature,  then  heated  from  time  t=o  to  time  t=t^  by  a source 
which  is  constant  in  time.  We  want  to  find  the  temperature  at  all 
points  and  times.  This  solution  is  given  in  detail  in  reference  4 
and  in  outline  form  in  at  least  one  standard  textbook.^ 

Using  a rectangular  parallelepiped  as  an  example,  we  compute 
the  heat  distribution  as  a function  of  space  and  time.  We  assume 
the  bar  is  initially  at  the  temperature  of  the  surroundings  and  is 
neared  by  a known  source.  The  differential  equation  governing  this 

situation  is, 

2 1 , , 1 3T 

V T + V?(x,y,z)  a 3 t 


(1) 
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subject  to  the  boundary  conditions 


k ~ + hT  = 0 

o n 


(all  boundaries). 


Where: 


temperature  measured  with  respect  to  the  surroundings 


x,y,z 


usual  cartesian  coordinates 


thermal  conductivity 
thermal  diffusivity 


heat  transfer  coefficient 


n * the  normal  at  any  point  on  the  surface 

g(x,y,z)  “ the  source  function 

The  source  function,  g(x,y,z),  in  general  depends  on  time  also,  but 
for  our  case  we  assume  the  laser  output  to  be  constant  in  time, 
thereby  simplifying  the  solution.  The  resultant  equation  for 
T(x,y,z,t)  is: 

V (1) 

T(x,y,z,t)  - $ L f + 

mnp  mnp 


'C'  (2) 

S Z f 

mnp  mnp 


(x,y,z,t) 


Where  the  f's  are  known  (although  complicated)  functions  of  g,k,a,  h, 
and  the  dimensions  of  the  sample  The  terms  6 and  S represent  bulk  and 


surface  absorption  respectively. 
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The  procedure  for  determining  0 and  S is  one  of  cufve  fitting. 
An  experimentally  obtained  set  of  values  for  T (t)  is  plotted,  then 
6 and  S are  varied  in  eq.  (3)  until  a good  fit  is  made  to  the  points 
There  is,  however,  one  complication.  The  heat  transfer  coefficient 
is  not  usually  known  and  must  also  be  varied  until  the  fit  is  made. 

III.  SLOPE  ANALYSIS 


Determining  bulk  absorption  coefficients  using  the  slopes  of 
the  heating  and  cooling  curves  has  been  used  extensively  in  the 
past^’^  and  has  been  shown  to  give  reliable  data.  This  analysis 
depends  on  Beer's  Law, 


I 


(4) 


Where 

IQ  » Incident  laser  intensity 

I ■ Intensity  leaving  sample 

0 ■ The  absorption  coefficient 

Z * The  length  of  the  sample 


Using  this  and  accounting  for  infinite  reflections  one  arrives  at 
expressions  for  power  absorbed  and  transmitted: 


(1-R)  P0  jl-e" 

«]  £ (,.-)■ 

(5) 

(1-R) 2 P0e_6£ 

09  \ 

-.So  (E  «-2BI1)"'’ 

(6) 

Where  R is  the  reflection  coefficient  and  Pq  is  the  incident 
power.  The  infinite  series  converge  nicely  and  one  obtains 


P 

a 


( 1 


) (1  + Re 


Bl 


(1  - R) 


8*. 


(7) 


The  power  transmitted  is  measured  directly  during  the  experiment  and 
the  power  absorbed  may  be  written  as: 


P 

a 


MC 


A T 
A t 


(8) 


Where  M is  the  mass  of  the  sample,  C the  specific  heat,  and 
AT/At  the  slope  of  the  heating  curve.  The  last  term  may  be  expanded 

g 

using  the  method  of  Hass  to  account  for  heat  losses  to  the  environ- 
ment. The  result  is: 


The  terms  T^,  and  T^  are  the  temperatures  of  the  sample  at 

different  times  during  the  experiment;  before,  during,  and  after 

» 

laser  irradiation.  The  T terms  denote  slopes  of  the  curve  during 


the  same  intervals. 
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Solving  the  previous  equations  for  g,  one  obtains, 

6 - 7 Q +(7~ t 4R  , (10) 

2 

Where 


Application  of  these  equations  to  a long  bar  sample  has  been 
done  and  a sample  of  actual  data  is  given  in  figure  (1).  The  change 
in  slope  in  region  II  is  the  important  facet.  It  has  been  shown 
elsewhere  that  the  initial  heat  rise  is  due  to  bulk  absorption  while 
the  final  heat  rise  is  due  to  bulk  and  surface  absorption.  Applying 
Eq.  (10)  then  to  the  two  heating  slopes  allows  a separation  of  bulk 
and  surface  absorption  coefficients. 

IV.  EXPERIMENTAL  PROCEDURES 

Methods  for  obtaining  the  temperature-time  curves  are  discussed 

2 

elsewhere  in  greater  detail  and  only  outlined  here.  A vacuum 
calorimeter  with  Ca?2  windows  encloses  the  sample  which  is  held  in 
place  by  sharpened  nylon  screws.  The  thermocouple  is  attached  to 
the  sample  using  a high  thermal  conductivity  grease  and  a spring 
loaded,  sharpened  nylon  rod,  or  glued  directly  to  the  sample  with 


thermocouple  cement. 


() 


Careful  alignment  of  the  sample  in  the  laser  beam  is  necessary 
to  minimize  laser  light  scattered  directly  into  the  thermocouple. 

This  is  accomplished  by  positioning  a small  HeNe  laser  so  that  the 
visible  laser  light  is  coaxial  with  the  invisible  HF/DF  beam.  One 
can  then  adjust  the  position  of  the  sample  until  the  reflections 
from  both  polished  surfaces  lie  along  the  same  line.  The  HF/DF  laser 
is  then  turned  on  and  the  temperature  time  curve  obtained  via  a 
Keithley  nanovoltmeter  and  an  Omniscribe  strip  chart  recorder. 

V.  COMPARISON  OF  RESULTS 

In  table  1 values  of  the  absorption  coefficients  obtained  by 
the  two  methods  of  analysis  are  given  and  a discussion  of  error 
follows.  Agreement  is  generally  good  for  the  bulk  absorption 
coefficient  and  poor  for  the  surface  absorption.  This  result  is  as 
yet  inexplicable  unless  one  postulates  the  initial  method  for  obtain- 
ing the  surface  absorption  using  the  slope  analysis  method,  ie: 

i [B  (bulk  + surface)  - B (bulk)J  * 6 (surface)  (12) 

is  in  error.  This  is  indeed  possible  since  the  previous  equation  is 
phenomenological  in  derivation. 


VI:  ERROR  CONSIDERATIONS 


A.  Slope  Analysis 

Two  major  sources  of  error  have  been  observed  using  the  slope 
analysis  method:  air  currents  inside  an  open  air  calorimeter  and 

inaccuracies  in  evaluating  the  two  heating  slopes. 

Fluxuating  environmental  temperature  during  the  course  of  a 
measurement  has  been  controlled  by  making  two  improvements:  a vacuum 

calorimeter  and  an  ice  point  thermocouple  reference.  The  vacuum 
calorimeter  eliminated  the  flow  of  air  currents  around  the  sample  and 
also  made  the  determination  of  the  heat  transfer  coefficient  more 
accurate.  In  the  past  a noticeable  change  in  this  coefficient  during 
a measurement  has  been  observed,  which  tends  to  make  the  curve 
fitting  more  difficult  and  less  accurate. 

Originally  a room  temperature  reference  composed  of  a block  of 
aluminum  enclosed  in  an  insulating  material  was  used.  This  was  found 
unsatisfactory  when  it  was  discovered  that  the  room  temperature  could 
change  as  much  as  10°F  during  a working  day.  To  combat  this,  an  ice 
water  reference  was  employed  and  proved  to  be  quite  stable  over  the 
course  of  a measurement. 

The  separation  of  surface  and  bulk  absorption  using  this  method 
depends  solely  on  the  change  in  the  heating  slope  during  irradiation 
of  the  sample.  Two  sample  curves  are  given  in  Fig.  (1)  and  Fig.  (2). 
If  the  bulk  absorption  is  much  larger  than  the  surface  absorption, 
the  change  in  slope  may  be  only  slightly  detectable  thus  making  the 
distinction  between  surface  and  bulk  absorption  almost  impossible 
using  this  method. 
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Other  smaller  sources  of  error  have  been  noted.  They  are: 
thermocouple  attachment  to  sample,  nanovoltmeter  instability,  laser 
output  stability  and  beam  divergence.  Through  practice  these 
problems  have  been  characterized  and  reduced  to  the  point  of  no 
longer  being  major  sources  of  error. 

B.  Heat  Flow  Analysis 

This  method  depends  heavily  on  the  experimentally  obtained 
temperature  - time  curve,  thus  all  errors  of  the  previous  section  are 
still  present  when  the  curve  fitting  is  done.  Often  several  differ- 
ent parameters  can  be  constructed  so  as  to  fit  the  experimental 
curve.  This  is  a great  source  of  miscontent  when  doing  the  curve 
fitting,  which  can  only  be  overcome  by  doing  many  possible  fits,  then 
choosing  the  best.  If  the  experimentally  derived  curve  was  in  error 
due  to  some  of  the  previously  mentioned  sources,  the  curve  fitting 
could  possibly  still  give  a reasonable  fit  to  the  inaccurate  data, 

■N 

thereby  reinforcing  the  data  obtained  experimentally. 

With  these  thoughts  in  mind,  one  can  see  that  the  major  source 
of  error  using  this  method  still  lies  with  the  experimental  arrange- 
ment. If  the  experiment  is  done  carefully  however,  much  more  infor- 
mation can  be  obtained  using  this  method.  The  temperature  at  all 
points  and  times  can  be  known  thus  making  the  determination  of 
surface  and  bulk  absorption  easier  and  more  reliable  since  it  does 
not  rely  as  heavily  on  personal  Judgement  which  can  add  substantially 


ji 


to  the  total  error  of  the  measurement. 
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VII.  CONCLUSIONS 

In  this  paper  we  have  presented  two  methods  of  determining 
surface  and  bulk  absorption  of  a long  bar  sample  and  given  results 
obtained  using  both  methods.  Each  method  has  its  advantages.  The 
temperature  rise  method  is  relatively  quick,  simple  and  accurate  if 
certain  criteria  mentioned  in  the  error  discussion  are  met.  The  heat 
flow  method  can  only  be  as  accurate  as  the  experimental  curve,  but 
more  information  can  be  gained  if  the  experiment  has  been  done  care- 
fully. We  must  conclude  therefore  that  neither  method  should  be  used 
for  all  absorption  studies,  but  rather  each  should  be  considered  in 
light  of  the  sample  being  characterized. 


J 
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CAPTION 

Fig.  1 Experimentally  obtained  temperature  vs.  time  plot  for  a long 
bar  sample  at  10.6  pm. 
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Table  1 


A comparison  of  data  obtained  using  the  two  methods  of 
analysis. 
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CONCLUSIONS 


In  this  report  we  have  described  new  materials  for  possible 
use  as  laser  windows.  We  have  only  looked  at  a few  of  the  possi- 
bilities in  the  new  materials  area;  there  are  many  others  to  be 
investigated  and  the  materials  we  have  looked  at  merit  further 
investigation  since  some  of  the  materials  are  relatively  new  and 
methods  of  fabrication  most  certainly  will  improve. 

The  method  of  long  bar  calorimetry  is  relatively  new  and 
should  be  explored  further,  especially  in  the  experimental  area 
where  reliable  data  is  rare.  It  is  our  belief  that  this  method, 
although  it  does  have  limitations,  contains  a wealth  of  information 
if  we  are  just  able  to  discern  it. 


